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Abstract: Highly crystallized mullite has been achieved at temperatures of 1100 ℃ and 1400 ℃ by 
sol–gel technique in presence of titanium and strontium ions of different concentrations: G0 = 0 M, 
G1 = 0.002 M, G2 = 0.01 M, G3 = 0.02 M, G4 = 0.1 M, G5 = 0.2 M and G6 = 0.5 M. X-ray diffraction 
(XRD), Fourier transform infrared spectroscopy (FTIR), field emission scanning electron microscopy 
(FESEM), LCR meter characterized the samples. Mullite formation was found to depend on the 
concentration of the ions. The dielectric properties (dielectric constant, loss tangent and AC 
conductivity) of the composites have been measured, and their variation with increasing frequency 
and concentration of the doped metals was investigated. All the experiments were performed at room 
temperature. The composites showed maximum dielectric constants of 24.42 and 37.6 at 1400 ℃ of 
0.01 M concentration for titanium and strontium ions at 2 MHz, respectively. Due to the perfect nature 
of the doped mullite, it can be used for the fabrication of high charge storing capacitors and also as 
ceramic capacitors in the pico range. 
Keywords: mullite; sol–gel technique; X-ray diffraction (XRD); dielectric properties; field emission 
scanning electron microscopy (FESEM) 
 
1  Introduction 
Mullite is a promising engineering ceramic material for 
use in optical, dielectric and structural applications. 
Mullite has a unique combination of properties, such as 
high melting point (1830 ℃), good electrical resistance, 
good mechanical strength, low thermal expansion 
coefficient, high strength and high creep resistance at 
any temperature range. Mullite is also a leading 
candidate material for high transmitting IR windows, 
electronic substrates, humidity sensors, protective 
coatings, electrical insulators and turbine engine 
components, etc.  
Electronic industry is continuously trying to develop 
processes that are more advanced and lead to 
forecasting transistor density and chip complexity, and 
operating speed or frequency for future technological 
developments [1,2]. The main challenge is to carry 
electric power and distribute clock signals that control 
the timing and synchronize the operation. This 
challenge extends beyond the material properties and 
technology and also involves system architecture [3–7]. 
Controlled chip connections used in high package 
density logic devices require a good compatibility of 
thermal expansion coefficient (TEC) between substrate 
and Si chip. The mullite composite system has required 
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strength and much closer match of TEC with Si chip 
than alumina.  
Several reports have been published dealing with 
synthesis of mullite composites in presence of various 
mineralizing agents to improve the mechanical and 
chemical properties, and also there are some recent 
publications related to the dielectric properties of these 
modified mullite composites [8–14]. We have studied 
the dielectric constant, loss tangent, AC conductivity    
of the mullite composites doped with varying 
concentrations of tungsten ions with different 
frequencies at room temperature. We also have studied 
the dielectric constant, loss tangent, AC conductivity 
and magnetization of the mullite composites doped 
with varying concentrations of iron ions with different 
frequencies at room temperature. The results indicate 
that the sample of 0.01 M concentration has the highest 
dielectric constant 24.42 at frequency 2 MHz [15,16]. 
2  Experimental 
2. 1  Sample materials 
Chemicals used in the preparation of mullite   
precursor gels were aluminium nitrate nonahydrate 
(Al(NO3)3·9H2O, MERCK, India, 99.9%), aluminium 
isopropoxide (Al(–O–i–Pr)3, puriss, Spectrochem Pvt. 
Ltd., India), tetraethyl orthosilicate (Si(OC2H5)4,   
TEOS, MERCK, Germany), titanium isopropoxide 
(Ti{OCH(CH3)2}4, MERCK, Germany, 99.9%) and  
strontium chloride hexahydrate (SrCl2·6H2O, MERCK, 
India, 99.9%). 
2. 2  Sample preparation and characterization 
Mullite precursor gel powder was synthesized by 
dissolving stoichiometric amounts of Al(–O–i–Pr)3 and 
TEOS in 0.5 M solution of Al(NO3)3·9H2O [12,13]. 
The molar ratio of Al(–O–i–Pr)3 : Al(NO3)3·9H2O was 
kept at 3.5∶1. The molar ratio of Al∶Si was 3∶1 
[12,13]. 
For preparation of the doped gels, the titanium and 
strontium salts were added to the original solution in 
the ratio of Al∶Si∶x, where x is the concentration of the 
metal salts in molarity. The titanium and strontium 
salts were added such that in the final solution 
x = 0.002 M (G1), 0.01 M (G2), 0.02 M (G3), 0.1 M (G4), 
0.2 M (G5), 0.5 M (G6) [12,13]. The sol would be in the 
gel form after vigorous stirring for 5 h, and the sol was 
maintained overnight at 70 ℃. Finally, the gel was dried 
at 120 ℃. The samples were then pelletized and sintered 
at 1100 ℃ and 1400 ℃ or 3 h in a muffle furnace 
under air atmosphere (heating rate 10 ℃/min) [12,13]. 
2. 3  Instruments used  
The crystalline phases developed in the samples 
sintered at 1100 ℃ and 1400 ℃ were analyzed by 
X-ray powder diffractometer (XRD, model-D8, Bruker 
AXS, Wisconsin, USA) using Cu Kα radiation at 
1.5418 Å and operating at 40 kV with a scan speed of 
1 s/step. 
The characteristic stretching and bending modes of 
vibration of chemical bonds of a sample can be 
effectively evaluated by spectroscopic methods. 1% of 
the sample was mixed with spectroscopy grade KBr, 
pelletized to form disc and analyzed by Fourier 
transform infrared (FTIR) spectroscopy (FTIR-8400S, 
Shimadzu). 
AC parameters such as capacitance (C) and 
dissipation factor (tanδ) of the samples were measured 
in the frequency range of 20 Hz to 2 MHz using LCR 
meter (HP Model 4274 A, Hewlett-Packard, USA). 
The variation of dielectric constant and loss tangent 
was studied by recording these parameters using 
sample pellets of uniform thickness at ten different 
frequencies from 20 Hz to 2 MHz. 
Morphology of the sintered gels was observed by 
field emission scanning electron microscopy (FESEM, 
JSM 6700F, JEOL Ltd., Tokyo, Japan). Samples were 
etched with 25% HF solution. About 2 mg of each 
sample was dispersed in ethanol, and a single drop was 
placed on copper grid for sample preparation. 
3  Results and discussion 
From the X-ray diffractograms, it can be seen that the 
undoped sample shows considerable mullite phase at 
1100 ℃ and 1400 ℃, while for the doped samples, 
prominent mullite peaks are also obtained and 
changing with the concentrations. Mullite phase 
(JCPDS No. 150776) increases with increasing 
concentration of metal ions (Figs. 1 and 2). From the 
diffractograms, it has been observed that with increase 
in the concentration of doped titanium and strontium 
ions, mullite phase in the composites increases. The 
rutile phase (JCPDS No. 211276) is obtained at 
1100 ℃ and 1400 ℃ for titanium doped mullite. The 
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diffractograms show that the amount of mullite 
formation is more in the case of strontium for all 
concentrations. The hump at the lower scattering angle 
shows that glass phase increases with the increase of 
metal ion concentration. Aluminates and oxide phases 
are also observed in the diffractograms. The phase 
variation of the composite is due to the changed 
concentration of each metal ion and John–Teller 
distortion [12,13]. Interaction of the metal ions with 
the alumina and silica components of the gels is 
responsible for the accelerated transformation to 
mullite phase. The content of crystalline mullite 
decreases and the background increases due to the 
increase of metal ion concentration and the formation 
of metal silicate and aluminate phases of the samples. 
The “mineralizing” effect continues for samples G4 to 
G6 with respect to control sample G0. The 
“mineralizing” effect of transition metals on phase 
transformation of mullite is well documented in Refs. 
[8–14]. Probably there are two possibilities, either 
complete incorporation of metal ions in mullite 
structure or dissolution of metal ions in the Si-rich 
glassy phase. Such amorphous phase increases with the 
increased metal ions, as an account of decrease of the 
crystalline phases. The densification of the composite 
may be due to increased consolidation of the 
composite because of the molten state of the sintered 
gel at 1400 ℃ ((Fig. 11(d)) and for the increasing 
metal ion concentration.   
By spectroscopic method, the characteristic 
stretching and bending modes of vibration of chemical 
bonds of a sample can be effectively evaluated. 1% of 
the sample is mixed with spectroscopy grade KBr, 
pelletized to form disc and analyzed by FTIR 
spectroscopy. Figure 3 shows the FTIR spectra of 
titanium and strontium doped sintered gels at 1100 ℃. 
Mullite gives characteristic bands at wave numbers 
around 463 cm1, 542 cm1 (AlO6), 731 cm1 (AlO4), 
828 cm1 (AlO4), 1074 cm1 (Si phase), 1130 cm1 
(Si–O stretching mode), 1176 cm1 and 1368 cm1 
[13,14], and 1226 cm1 and 1450 cm1 for rutile at 
1100 ℃  [15]. Strontium doped mullite gives 
characteristic bands at wave numbers around 465 cm1, 
 
Fig. 1  XRD patterns of (a) titanium and (b) strontium doped mullite precursor gels sintered at 1100 ℃ with 
increasing doping concentration. 
 
Fig. 2  XRD patterns of (a) titanium and (b) strontium doped mullite precursor gels sintered at 1400 ℃ with 
increasing doping concentration.  
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502 cm1, 580 cm1 (AlO6), 844 cm1 (AlO4) and 
1136 cm1 (Si–O stretching mode), and 1191 cm1 and 
1226 cm1 for mullite, and for strontium aluminates 
(Sr3Al2O6) at 1477 cm1 at 1100 ℃ [16].  
Figure 4 shows the FTIR spectra of titanium and 
strontium doped mullite at 1400 ℃. Sanad et al. 
[10,14,17] showed that all the IR spectra obtained for 
the Y3+, Gd3+ doped samples are almost similar to the 
characteristic peaks of pure o-mullite sample in their 
overall appearance. For titanium at 1400 ℃, 
characteristic bands are obtained at wave numbers 
around 463 cm1, 509 cm1, 570 cm1 (AlO6), 740 cm1 
(AlO4), 820 cm1 (AlO4), 1114 cm1 (Si–O stretching 
mode) and 1173 cm1 [16], and 609 cm1, 1405 cm1 
and 1593 cm1 for rutile at 1400 ℃ [15,16]. For 
strontium at 1400 ℃, characteristic bands are obtained 
at wave numbers 455 cm1, 613 cm1 (AlO6), 700 cm1 
(AlO4), 850 cm1 (AlO4), 950 cm1 (Si–OH), 1092 cm1 
(Si–O phase), 1152 cm1 (Si–O stretching mode) and 
1526 cm1 (Sr3Al2O6). 
The dielectric constant or relative permittivity ( r ) 
of each sample is calculated from the capacitance 
using the formula: 
r 0( )/( )C d A                (1) 
where C is the capacitance of the material; d is the 
thickness of the pellet; A is the area of cross section; 
and r  and 0  are the dielectric constant and 
permittivity of free space, respectively [18,19]. 
The dielectric properties of materials are used to 
describe electrical energy storage, dissipation and 
energy transfer. Electrical storage is the manifestation 
of dielectric polarization. The variation of dielectric 
  
Fig. 3  FTIR patterns in transmittance mode of (a) titanium and (b) strontium doped mullite precursor gels 
sintered at 1100 ℃ with increasing doping concentration. 
 
Fig. 4  FTIR patterns in transmittance mode of (a) titanium and (b) strontium doped mullite precursor gels 
sintered at 1400 ℃ with increasing doping concentration. 
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constant with frequency of titanium and strontium 
doped mullite composites at 1100 ℃ are shown in Fig. 
5 and similarly at 1400 ℃ in Fig. 6. From the plots, it 
is clear that in all the cases, dielectric constant 
decreases with increase in frequency and attains a 
saturation tendency at 2 MHz for each concentration of 
doped metal. This behavior of dielectric may be 
explained qualitatively by the supposition of the 
mechanism of the polarization process in mullite–    
titanium/strontium. The electron-hopping model [13] 
can explain the electrical conduction mechanism. It is 
known that the effect of polarization is to reduce the 
field inside the medium. Therefore, the dielectric 
constant of a substance may be decreased substantially 
as the frequency is increased [20]. The electronic 
polarizations can orient themselves with the electric 
field at the lower frequency range, but at higher 
frequency the internal individual dipoles contributing 
to the dielectric constant cannot move instantly. So as 
frequency of an applied voltage increases, the dipole 
response is limited and the dielectric constant 
diminishes [21,22]. The drop in resistivity with 
frequency predicts the presence of glassy phase 
/amorphous phase in the mullite structure that may 
increase the mobility of the ions such as Ti4+/Sr2+ and 
Al3+ which find an easy path to move and hence 
increase the electrical conductivity. Moreover, it is 
known that the incorporation of transition metals in the 
periodic lattice of the mullite crystal structure helps in 
attending a lower band structure [11,14]. The dielectric 
results of Sanad et al.’s data are in good agreements 
with the data shown at 1100 ℃ and 1400 ℃ of 0.01 M 
concentration for titanium and strontium ions in the 
MHz frequency region [10,14,17].  
 
Fig. 5  Frequency response dielectric constant behavior of (a) titanium and (b) strontium doped mullite precursor 
gels sintered at 1100 ℃ with increasing doping concentration. 
 
Fig. 6  Frequency response dielectric constant behavior of (a) titanium and (b) strontium doped mullite precursor 
gels sintered at 1400 ℃ with increasing doping concentration. 
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The dielectric loss (tanδ) of all samples is measured 
in the frequency range of 20 Hz to 2 MHz in the room 
temperature and is graphically shown in Figs. 7 and 8 
for 1100 ℃ and 1400 ℃, respectively. It is found that 
for all samples, tanδ decreases with increasing 
frequency and reaches constant value at 2 MHz, but 
initially it increases until 10 kHz. Dissipation factor 
initially increases maybe due to the greater electronic 
polarization of the metal ions and also due to the 
formation of the metal aluminates and oxides. After 
10 kHz, the internal electric field will be responsible 
for the decrement of the dissipation factor. The 
electronic polarizations can orient themselves with the 
electric field at the lower frequency range, but at 
higher frequency, the internal individual dipoles 
contributing to the dielectric constant cannot move 
instantly. So as the frequency of an applied voltage 
increases, the dipole response is limited and the 
dielectric constant diminishes, and similarly the 
dielectric loss tanδ decreases. 
AC conductivity of the samples is then calculated 
using the formula: 
AC r 02π tanf               (2) 
where f is the frequency in Hz; tanδ is the dielectric 
loss factor; and r  and 0 are the dielectric constant 
of the material and permittivity of free space, 
respectively [23,24]. 
In AC  vs. f graphs, a linear increment of AC 
conductivity with frequency for all doping 
concentrations is observed for 1100 ℃ (Fig. 9) and 
1400 ℃ (Fig. 10). It has been observed that the 
increment of AC conductivity suddenly jumps from G4 
to G5. The linearity of the plots follows the frequency 
 
Fig. 7  Frequency response loss tangent behavior of (a) titanium and (b) strontium doped mullite precursor gels 
sintered at 1100 ℃ with increasing doping concentration. 
 
Fig. 8  Frequency response loss tangent behavior of (a) titanium and (b) strontium doped mullite precursor gels 
sintered at 1400 ℃ with increasing doping concentration. 
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dependent part of Jonscher’s universal power law 
which can be represented by the equation: 
DC 0( )
s                  (3) 
where DC  is the DC (or frequency independent) 
conductivity; 0  is a temperature dependent 
parameter; and s lies in the range of 0 < s < l [20–25]. 
The morphology of the mullite particles with G3 
concentration of the doped metal was investigated by 
FESEM. G3 sample shows titanium doped mullite 
nanoparticles of size 50 nm at 1100 ℃ and 100 nm at 
1400 ℃ [25]. Similarly for strontium doped mullite, 
distinct elongated morphology of mullite particles of 
size 3 µm is embedded in the matrix (Fig. 11). The 
change in morphology of the sample is due to the 
combined effect of the doped metals and the sintering 
temperature. The particles in the case of strontium 
doped mullite take the shape of whiskers at 1400 ℃ 
due to the “mineralizing” effect of Sr2+ ions. 
4  Conclusions 
Titanium and strontium doped mullite composites have 
been synthesized by sol–gel technique, and their phase 
evolution and dielectric properties have been 
investigated. The dielectric constant decreased with 
frequency for all the samples attaining constancy at 
high frequency, which is a normal behavior for 
dielectric ceramics. Reported maximum dielectric 
constants are 24.42 and 37.6 at 1400 ℃ for 0.01 M 
concentration for titanium and strontium ions at 2 MHz, 
respectively. 
AC conductivity increased with frequency following 
Jonscher’s power law and was found to depend on the 
amount of glassy phase and concentration of mobile 
ions present in the composites. The doped mullite may 
 
Fig. 9  Frequency response AC conductivity behavior of (a) titanium and (b) strontium doped mullite precursor 
gels sintered at 1100 ℃ with increasing doping concentration. 
 
Fig. 10  Frequency response AC conductivity behavior of (a) titanium and (b) strontium doped mullite precursor 
gels sintered at 1400 ℃ with increasing doping concentration. 
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be used for the fabrication of high charge storing 
capacitors and also as ceramic capacitors in the pico 
range. 
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